We describe a simple method for performing accurate computer simulation and modeling of arbitrarygeometry electro-optic ͑EO͒ devices. We use a material EO model that includes the effects of scattering and depolarization as well as the change in the index of refraction. Finite-element analysis is used to determine the electrostatic field distribution for EO device designs. Attenuation of the transmitted light intensity as a result of scattering is modeled as an exponential function, and the intensity of transmitted depolarized light is shown to be a function of the scattering intensity. The total optical transmittance is determined by integration of these values over all the elements in the path of the propagating light. Lanthanum-modified lead zirconate titanate-based surface-electrode and transverse-electrode EO devices are designed and fabricated. Their experimentally measured performance is found to be in excellent agreement with our computer-simulation results.
Introduction
Electro-optic ͑EO͒ phase-modulation and switching devices based on weakly scattering 1 materials, such as lanthanum-modified lead zirconate titanate ͑PLZT͒, are traditionally designed by use of surface electrodes on thin wafers. 2, 3 For most applications scattering is considered negligible, and device performance is modeled by use of a simple Jones calculus. 4 -9 However, particularly for applications requiring large phase modulation, 10 -14 strong applied electric fields can significantly increase scattering. 15 Additionally, these materials can exhibit depolarization caused by complex scattering processes in the PLZT material. 16 The traditionally used Jones calculus is not appropriate for modeling such devices, and in part I of this two-paper series (see pp. 3717-3725; this issue) we described 17 the necessity of using a more complicated polarization ray-tracing algorithm, 18 such as Stokes vectors and Mueller matrices. It was shown how such EO materials could be described accurately by use of the Mueller matrix coefficients of scattering, depolarization, and phase.
In this paper we describe a simple method for performing accurate computer simulation and modeling of arbitrary-geometry EO devices. Our method includes the effects of scattering, depolarization, and change in the index of refraction. In Section 2 a general method for simulating EO-device performance is presented. Finite-element analysis ͑FEA͒ is used to calculate the electric-field distribution for irregularly shaped devices as well as to determine the change in phase, attenuation, and depolarization for light propagating through EO materials that exhibit scattering. The application of this method to specific devices based on the EO material PLZT is discussed in Section 3. Two example geometries that use surface or transverse electrodes are modeled, and the computer simulations of device performance are compared with the experimentally measured performance of fabricated devices. Finally, in Section 4 the advantages and limitations of our modeling technique and our conclusions are presented.
Our method of incorporating the effects of scattering and depolarization into EO-device modeling begins with the determination of the electric-field distribution for a given device geometry. Such device models require the input of material electrical properties and applied voltages. Our FEA calculations subdivide the device domain into multiple elements ͑i.e., subdomains͒, for which the electric-field distributions are easily calculated. Combining this distribution data with electric-field-induced material properties, such as the EO effect and scattering, allows the optical response of the material to be determined within each finite element, i.e., as a function of position within the device. The EO response of the material varies the local index of refraction, represented by an index ellipsoid, which is used to determine the change in phase for light passing through the material. Electric-field-induced scattering attenuates the transmitted light and can also cause depolarization. Assuming the attenuation has a simple exponential dependence on the propagation distance, we incorporate the scattering and the depolarization into our EO model. By integration of these responses along a path through multiple finite elements, an accurate optical response for the entire device can be calculated.
A. Finite-Element Analysis for Calculation of the ElectricField Distribution
FEA is a useful technique for calculations of electricfield distributions in devices with arbitrary geometries. For instance, the use of embedded electrodes can significantly improve the performance of devices based on the use of thin-wafer EO substrates. 8 Varying the geometry of the electrodes also allows the phase profile of the modulated optical wave to be controlled. 19 Furthermore, optimization of device performance could require the use of nonrectangularelectrode geometries. For example, we find that by using trapezoidal-shaped electrodes ͑see Fig. 1͒ an incident plane wave can maintain its wave-front uniformity after passing through the EO device. However, it can be very difficult to calculate the electric-field distribution for electrodes with arbitrary geometries by use of analytic methods. One numerical-approximation method is to subdivide the device ͑or domain͒ into many parts ͑subdomains͒ within which the field can be more easily calculated. 20 For low-frequency applied field devices an electrostatic FEA model can be used in which each subdomain is defined by a geometric element having a given set of material properties ͑e.g., permittivity͒ and boundary conditions ͑fixed potential, charge, etc.͒. For high-frequency applications an electrodynamic FEA model, which can account for the timedependent material responses, is used. One advantage of the FEA method is that there exists a large selection of finite-element types and shapes that allow for the generation of a finite-element mesh that provides a good fit for any device geometry. The FEA calculations and postprocessing for this project were performed with MARCK6 and MENTAT software from Marc Analysis, Inc. The orthogonal components of the electric field, E x , E y , and E z , are calculated at integration points near the nodes ͑cor-ners͒ of the elements. Figure 1 , a two-dimensional ͑2-D͒ cross section of a device with trapezoid-shaped embedded electrodes, shows a contour plot of the magnitude of the electric field given by
where values between integration points are found by interpolation. For calculating phase modulation and phase scattering ͑discussed below͒, our modeling technique calls for a constant electric field within each element, which is found when the average of the integration-point values is taken. In regions with steep potential gradients ͑e.g., near the corners of electrodes͒ the finite-element mesh must be refined, i.e., the elements are subdivided to increase the mesh density, for good accuracy of the electric-field calculations. For the 2-D models described in this paper, we use of the order of 10 3 elements, which provides an electric field accuracy to within 5% of those values calculated by use of analytic methods. 21, 22 B. Index Ellipsoid and Change of Phase Consider a monochromatic plane wave propagating in an arbitrary direction through an anisotropic crystal; two independent, linearly polarized, propagation modes can exist whose phase velocities are determined by the indices of refraction n A and n B along each direction of polarization. 23 The intersection of the material's index ellipsoid 24
and the plane normal to the direction of propagation produce an ellipse whose major and minor semi-axes determine the indices n A and n B . For EO materials these indices depend on the strength and direction of an applied electric field. 25 For EO devices that exhibit nonuniform electric fields the index ellipsoid can vary as a function of position. If the index variation is negligibly small over a distance of the order of a wavelength, the phase for each polarization component can be expressed by the eikonal equation
where the integration is taken along the propagation path. 26 In this paper we assume that the electric field is piecewise constant. That is, within each element there exist a constant electric-field strength and direction. Therefore, for each element, the index ellipsoid is constant as a function of position, and the phase for each propagating orthogonalpolarization component is given by
where the subscript k indicates one of the two possible orthogonal polarizations ͑i.e., k ϭ A, B͒, n k is the associated index of refraction for each orthogonalpolarization direction within an element, is the wavelength of the light, and L is the propagation distance in the element. Since the finite-element shapes used are arbitrarily chosen, we ignore any change in propagation direction that is due to index variation at element boundaries ͑i.e., the Snell law͒. Therefore, for light passing through N elements, i.e., through a device, the total phase is
where n k i and L i can vary for each element. For the determination of transmission intensity we are interested in the phase difference between the two orthogonal-polarization components; this difference is given by
where ⌬n ϵ ͉n A Ϫ n B ͉.
C. Attenuation, Depolarization, and Transmission Intensity
For materials that have electric-field-induced scattering, the transmitted light intensity will be attenuated as a function of the electric field. In general, we can consider such materials to be lossy and model them by using 15
where A is the transmitted light intensity, A 0 is the incident intensity, ␣ is the attenuation coefficient and is a function of the electric-field magnitude, and L is again the propagation length. The specific form of the scattering will depend on the material and on the strength of the applied electric field. For example, PLZT can be modeled as a random distribution of single-particle scatterers 15 for which the attenuation coefficient is a function of wavelength and scatteringcenter size. For materials with anisotropic scattering, the intensity of the second orthogonalpolarization component, denoted by B, can differ and is given by
where B 0 is the incident intensity and ␤ is the attenuation coefficient. In our FEA model, Eqs. ͑7͒ and ͑8͒ describe the attenuation that is due to scattering within a single element. For light passing through multiple elements the nonscattered polarizationcomponent intensity from one element will be attenuated by the following element, i.e., A 2 ϭ A 1 exp͓Ϫ␣͑E͒ 2 L 2 ͔. Therefore for light propagating through N elements the total scattering for the two polarization components is given by
For certain EO materials the scattered light will have random polarization, i.e., will produce unpolarized light. 27 We use the term depolarized to refer to that portion of this scattered light that remains within the solid angle of an optical system and is detected. For determining the existence of depolarized light in a system, the angle of an analyzer ͑a polarizer situated after the EO device͒ can be rotated to block the transmitted polarized light. 17 The remaining detected light intensity represents half of the total depolarized light.
The depolarized light intensity U can be described as a function of S, the scattered light intensity, i.e., U ϭ f ͑S͒. The total scattered light in each orthogonal-polarization direction is simply the difference between the total incident light A 0 and the intensity of the polarized light A, i.e., S ϭ A 0 Ϫ A; therefore
where any loss of intensity caused by absorption is included in the scattering term. For materials with anisotropic scattering the intensity of the depolarized light will be a function of the two orthogonally polarized light components. The depolarized light intensity measured in one polarization direction could be due to scattering of either polarization component. The specific form of the function will depend on the EO material properties. Equation ͑11͒ describes the depolarization intensity as a function dependent on the orthogonally polarized light-intensity coefficient A, making no distinction between the depolarization for light propagating through elements with specific electric-field strengths or propagation lengths. By examining Eq. ͑7͒, we can see that the polarized light intensity A is dependent on the product of these two factors and is therefore not unique. To confirm the accuracy of this description, we measured the attenuation caused by scattering A and the intensity of the depolarized light U as functions of the applied electric-field strength in two samples of PLZT 9.0͞65͞35, for which one sample was twice the thickness ͑i.e., propagation length͒ of the other. In Fig. 2 we plot U as a function of ͑ A 0 Ϫ A͒͞A 0 and observe that the two cases are practically identical, which is consistent with Eqs. ͑7͒ and ͑11͒, which predict that the two should be indistinguishable.
By use of Stokes vectors and Mueller matrices, the transmitted intensity for normally incident light passing through an optical system comprising a linear polarizer, an EO device, and an analyzer can be found in terms of the change in phase between two orthogonally polarized components and the intensity of the polarized-light and the depolarized-light components. 17 
For materials that exhibit isotropic scattering, Eq. ͑12͒ reduces to
In Section 3 we discuss modeling two such devices and compare the numerically predicted results with experimentally measured performances of fabricated devices.
Examples: Electro-Optic Devices
The modeling method described in Section 2 can be applied to a general class of scattering and depolarizing EO devices that have nonuniform electric fields that can vary in all three directions. However, EO devices often exhibit translational symmetry, which can be modeled by use of 2-D cross sections. In this section we discuss two representative device geometries that have such symmetry: ͑i͒ long and narrow surface electrodes with which the incident light is normal to the surface ͓see Fig. 3͑a͔͒ and ͑ii͒ transverse electrodes that are placed on opposing surfaces of an EO crystal with which the incident light is normal to the edge of the EO material ͓see Fig. 3͑b͔͒ .
A. Surface-Electrode Geometry
For surface-or embedded-electrode geometries the electrode length is generally much greater than the width, and it can be assumed that there is a negligible field component parallel to the electrode length, i.e., E z Ϸ 0. Therefore the electric field can be modeled by a 2-D cross section ͑x-y plane͒ perpendicular to the electrodes ͑see Fig. 4͒ , where the strength and direction of the field vary as functions of position in the device. In these devices the optical beam is normally incident on the surface of the device and propagates along the y axis. Therefore the plane normal to the direction of propagation is parallel to the x-z plane of the device. Under an applied electric field, polycrystalline PLZT is usually modeled as a uniaxial crystal 1 with the principal index ellipsoid given by 23
where the principal axes are denoted by xЈ, yЈ, and zЈ. The intersection of the normal plane for an incident linearly polarized plane wave has indices of refraction given by
where the extraordinary index n e is in the direction of the electric field, 8 the ordinary index n o is perpendicular to the field, and ͑x, y͒ ϭ tan Ϫ1 ͕͓E y ͑x, y͔͓͒͞E x ͑x, y͔͖͒ defines the direction of the field ͑see Fig. 5͒ .
We define the extraordinary index of refraction in terms of the change relative to the ordinary index and the applied electric-field strength, i.e., n e ϭ n o Ϫ ⌬n meas ͑E͒,
where ⌬n meas ͑E͒ was determined experimentally. 17 For PLZT 9.0͞65͞35 the change in the extraordinary index of refraction is much greater than the change in the ordinary index 1 ; therefore we take n o as a constant value of 2.5 ͑equal to the isotropic index 28 ͒. For incident light whose polarization direction is oriented at 45°with respect to the direction of the electrodes, i.e., in the x-z plane, we find the relative change in the index of refraction between the x-and z-polarization components for each finite element to be
and the change in phase for the device is then found with Eq. ͑6͒. The experimentally characterized PLZT 9.0͞65͞35 exhibited negligible anisotropic scattering and can be assumed to have isotropic scattering. Substituting the experimental data for the attenuation, 17 A meas ͑E͒ as a function of electric-field strength, in Eq. ͑7͒ and solving for the attenuation coefficient, we get
The total attenuation of a polarization component propagating through the device is found by substitution of Eq. ͑19͒ into Eq. ͑9͒ for each element along an optical beam path, producing
The depolarized light intensity is found by use of the attenuated intensity from Eq. ͑20͒ and the depolarization function from the experimental data shown in Fig. 2 . Substituting the calculated phase as well as the intensity of the polarized and depolarized components of the light into Eq. ͑13͒ produces a set of intensity values for each column or path of elements across the electrode gap.
To compare computer simulations with the performance of a real device, we fabricated a surfaceelectrode device on a PLZT 9.0͞65͞35 wafer 380 m thick, with 2-mm-wide CrAu electrodes spaced 500 m apart. The device is placed between crossed dichroic polarizers aligned at 45°with respect to the surface-electrode length direction and illuminated Using an identical device geometry, we simulate the transmitted optical intensity, for which we also use the average transmittance across the 100-m center section of the electrode gap. For simulations of a device that uses PLZT 9.0͞65͞35, the published quadratic EO coefficient, 1 R ϭ 3.0 ϫ 10 Ϫ16 ͑v͞m͒ 2 , produces results that do not coincide at all with our experimental data. Therefore we used a best fit to the first maximum, which gives R ϭ 5.0 ϫ 10 Ϫ16 ͑V͞m͒ 2 . In Fig. 6 we show the simulation by using the traditional Jones calculus and quadratic EOeffect model 4 -9 ͑dotted curve͒. The traditional model that uses the best-fit EO coefficient still fails to follow the variation of the phase as a function of voltage accurately. Also, since scattering and depolarization effects have not been accounted for, this simulation incorrectly predicts the intensities of the maxima and minima values.
The simulation that uses our new model, which incorporates the Mueller matrix coefficients for attenuation and depolarization as well as the experimentally determined EO function, is also shown in Fig. 6 ͑solid curve͒. Here we observe that the new model correctly predicts the flat response at low voltage as well as the attenuation caused by scattering losses of the maximum and the increase in the minimum intensity caused by depolarization. The sinusoidal variation of the optical intensity is due to the EO phase modulation. Our model successfully describes this change of phase, within the error of our FEA model, up to V 2 .
At higher voltages, our model predicts electric-field strengths well above the EO characterization data. Since the simulation predicts a greater phase change than is observed experimentally, we can conclude that there are significant variations in the EO response under such high fields. These variations may be due to surface effects 28 as well as to a stored space-charge field 29, 30 near the electrode-PLZT interface. In previous studies, geometry and high-fielddependent effects were accounted for by use of a variable coefficient 5 in the phase-change calculation. However, to improve the accuracy of modeling under very high fields, a more accurate model of the material EO response as well as of the device-dependent electric-field effects is required.
Surface-electrode devices generally have strong transverse electric-field strengths near the surface that quickly drop off to negligible values within a distance of tens of micrometers into the substrate ͑see Fig. 4͒ . Since phase modulation is directly dependent on the transverse field, this limits the effective EO propagation length. Therefore high applied voltages are often necessary to achieve a required phase modulation. Embedded-electrode devices can increase the penetration depth of the electric field, resulting in far lower voltage requirements ͑see Fig.  1͒ . However, the fabrication of such devices can be quite difficult. 8 An alternative design is to use a transverse-electrode geometry, as discussed in Subsection 3.B.
B. Transverse-Electrode Geometry
In a transverse-electrode geometry the electrodes are applied on the top and the bottom of a wafer, and the light is normally incident on the polished wafer edges ͓see Fig. 3͑b͔͒ . The voltage gradient is now almost completely in the y direction, resulting in a strong transverse field for light propagating along the z axis. For devices in which the electrode length ͑z direction͒ is much longer than the width ͑ x direction͒, the electric-field component along the z axis will be negligible, i.e., E z Ϸ 0 ͑ignoring fringing fields͒. Taking advantage of this translational symmetry along the z axis, we use a 2-D cross section in the x-y plane to model the electric-field distribution.
For linearly polarized light propagating along the z axis, the polarization index of refraction along the z axis is given by Eq. ͑16͒, and the orthogonalpolarization index along the y axis is n A ϭ n y ϭ ͭ . (21) Again we can describe the extraordinary index of refraction in terms of the change in the ordinary index by using Eq. ͑17͒ and find the change in the index of refraction between the two orthogonal-polarization components,
as a function of the electric-field strength and direction.
Since the field is assumed to be constant along the z axis, the change in phase for light propagating through the device is simply given by
where the propagation length L w is the width of the device in the z direction. Here we have defined the change in phase explicitly as a function of position in the x-y plane, indicating that the change in phase depends on the electric-field strength and direction at every point in the plane. The attenuation equation ͓Eq. ͑7͔͒ simplifies to
for every point in the x-y plane, and the depolarization is again defined by the function shown in Fig. 2 . The optical transmittance for the device placed between crossed polarizers oriented at 45°with respect to the electrodes ͑x-y axes͒ is found by substitution of these values into Eq. ͑13͒. For a comparison of the simulated performance of a transverse-electrode device with a fabricated device we examine the variation of the EO response as a function of position across the entire electrode gap ͑i.e., the polished edge of the device͒. We fabricated a transverse-electrode device in which 280-m-wide CrAu electrodes were applied to the top and the bottom of a 200-m-thick and 1-mm-long PLZT 9.0͞ 65͞35 wafer ͑see Fig. 3͒ . The light is transmitted through the polished edges and crossed polarizers set at 45°relative to the electrodes. The output light is imaged onto a CCD camera. To avoid speckle noise, we employ an incoherent imaging system, which uses He-Ne 633-nm laser light converted into spatially incoherent light by use of a rotating ground glass.
A CCD image of the fabricated device that uses an applied voltage of 98 V is shown in Fig. 7͑a͒ . Because of charge buildup at the corners of the electrodes, there is a steep gradient of electric-field strength and index of refraction in those regions, which cause a variation of phase and transmitted intensity. As a result, we see a pattern of light and dark regions or fringes, whose maxima and minima represent multiples of 2n and ͑2n ϩ 1͒ phase, respectively, where n is an integer. We see a slight asymmetry of the fringe pattern, which is due to a fabrication error that resulted in the opposing electrodes being misaligned by 40 m.
For computer simulation of this device geometry we calculate the transmission intensity as a function of x-y position between the electrodes by using the same geometry ͑i.e., misalignment͒ and potential difference as the fabricated device ͓Fig. 7͑b͔͒. A subjective comparison of the two images ͑fabricated and simulated devices͒ shows a good match for the light and dark fringe patterns. Below each image is a plot of the intensity profile taken across the centers of both images. The positions of the maxima and minima ͑i.e., fringes͒ are almost identical. The minima ͑i.e., dark regions͒ intensities are slightly different, which is probably due to background noise within the CCD camera and scattering effects not accounted for in our model. A more objective comparison is shown in Fig. 8 , where we compare the experimental data and simulated results for an average transmission for a region 20 m ϫ 20 m in the center of the transverseelectrode device. The results indicate an excellent match between the measured data and the simulated results for as high as a 3 phase shift ͑i.e., the second maxima͒. Under an applied voltage of 100 V the electric-field strength in the center of the device is approximately 5 ϫ 10 6 ͑V͞m͒, which indicates that for this device design our model is accurate into the EO saturation region of the PLZT material used.
Conclusion
In this paper we have described a simple method for performing accurate computer simulation and modeling of arbitrary-geometry EO devices. Our method includes the effects of scattering, depolarization, and change in the index of refraction. PLZT-based surface-electrode and transverseelectrode EO devices have been designed, fabricated, and experimentally tested. Our isotropicscattering model produced an excellent correlation between the measured performance of the fabricated devices versus that predicted by our simulations. For surface-electrode devices we were able to predict accurately the transmission intensity of light up to a 2 phase variation. For the transverse-electrode device our model was accurate up to a 3 phase variation. A simulation of a cross section of the transverse-electrode device shows the large degree of phase variation that can occur within an electrode gap for finite-sized electrodes. We are currently using these simulation techniques to optimize device design for a variety of applications and performance characteristics, including maximum contrast, efficiency, and minimized cross talk in array devices.
In these calculations of an optical beam passing through an optical system we have assumed that the variation of the index of refraction is very small within each element and that we can calculate the change in phase on the basis of a constant index within each element. For regions near the corners of the electrodes this is not an accurate assumption. However, the regions of steep gradient are very small and have a minimal effect on the total phase change or beam-propagation direction. We have considered only the interaction length of each element in calculating the change in relative phase and the intensity of the beam. That is, we have assumed a plane wave that experiences no diffraction. We have also assumed that each ray has a vector component along the direction of propagation only, and therefore there is no interaction between rays. To include diffraction or scalar effects, it would be necessary to have a more precise model, such as rigorous coupled-wave analysis. 31 
